INTRODUCTION
Salts have been known to affect the physico-chemical properties of proteins like their solubility (Green; 1932; Ries-Kautt & Ducruix, 1989; Carbonnaux et al., 1995) , stability (von Rippel & Schleich, _1969) , adsorption on solid surfaces, and pKa (Abe et aL, 1995; Tan et al., 1995) to a gr~at extent. Perturbation of these properties of proteins by salts depends upon the chemical nature of the salt as well as that of the proteins. Salts affect mainly electrostatic and hydrophobic interactions in the protein molecules. Based on their analysis, Matthews & Richards ( 1982) suggested that about half of the free energy of stabilization of RNase A originates from electrostatic contributions. The effect of salts on the hydrophobic interactions is most obvious from the phenomenon of decreased solubility and aggregation of proteins in high salt concentrations (von Rippel & Schleich, 1969) .
The effects of salts on proteins can be defined in. terms of the twq opposing forces.
Salting-in of proteins in the salt solutions is assigned to Debye-Riickel screening of surface charges at low concentrations and salting-out usually takes place at higher salt concentrations (~ 1. 0 ionic strengths). Apparently it is found that salting-in agents work as good denaturants and salting-out agents as good stabilizers of protein structure. Proteins have been known to have specific ion binding sites (Pace & Grimsley, 1988) . Some cations bind to proteins at very low concentrations and affect their stability (Ginsburg & Carroll, 1965) while other salts affect the stability in a general manner without having any specificity toward proteins (von Rippel & Schleich, 1969; Busby et al., 1981; Bonnette et al., 1994; Jensen et al., 1995) .
In the case of salts which do not have specific binding to proteins, the mam mechanism of their action on the physico-chemical properties of proteins is mediated through the perturbation of water structure (Sinanoglu & Abdulnur, 1965; Lin & Timasheff, 1996) . It is suggested that protein stability and solubility are linked to this phenomenon. The effect of different cosolvents have been analyzed by multicomponent thermodynamic theory using Wyman linkage equation (Casassa & Eisenberg, 1964) . All structure stabilizing, precipitating or self-association inducing agents are preferentially excluded from the protein surface while all structure destabilizing agents increase protein solubility and lead to the preferential binding to proteins as determined by equilibrium_ dialysis and densimetry techniques (Timasheff, 1993) . Interfacial energy at the proteinsolvent boundary plays an important role in the protein-solvent preferential interactions. A change iri the surface tension of the medium upon the addition of solutes would, thus, govern the mode of interaction of the cosolvent with the protein.
Both anions and cations can affect the stability of proteins either by specific binding or by perturbing water structure around the protein molecules. The stability and solubility of proteins mainly depends on the balance between the two opposing protein-solvent interaction parameters, viz., binding and exclusion. A strong solvent-solvent interaction stabilizes the protein· structure, while a weak solvent-solvent and strong solvent-protein interaction destabilizes the proteins. This has also been proved by simulation studies by Schiffer et al. (1995) . Salts can affect the medium polarity which in tum can perturb the protein stability.
An increase in stability due to the added salt is reflected in protein thermal or chemical denaturation profile. This effect can easily be measured either in terms of a shift in Tm or Cm, the concentration of denaturant required for 50% denaturation of the protein.
von Hippel and Wong ( 1965) have extensively studied the effect of many electrolytes and non-electrolytes on the thermal stability of RNase A. The differential stability provided by salts of different combinations indicates the contribution of both the cations and anions for providing stability to the protein to an extent depending on their position in the Hofmeister series (Hofmeister, 1888) . Hofmeister basically arranged these ions· in a series in an order of effectiveness in decreasing the solubility of proteins. In salt systems the effect of an individual ion is essentially additive (Arakawa & Timasheff, 1991 ) .
Hydrophobicity, hydrophilicity and net charges on protein surface affect the protein stability markedly. Equally important are the cosolvent molecules, their chemical structure and their charged states. In this chapter we have studied the stability of some globular proteins (mentioned e~rlier) in the presence of sodium salts of various carboxylic acids, viz., ethylene diamine tetraacetic acid (EDT A}, butane tetracarboxylic acid (BTC), propane tricarboxylic acid (PTC}, citric acid, succinic acid, tartaric acid, malonic acid and gluconic acid, varying in their carbon-chain length and the .number of carboxylic groups.
We have also studied the effect of these cosolvents at different pH values and as a function of their concentration. Attempt has also been made to ·correlate the increase in thermal ... . ... stability of proteins in the presence of these salts with their effectiveness in i~creasing the surface tension of water.
RESULTS

Thermal Denaturation Studies
Figs. I and 2 show the thermal denaturation profiles of several proteins in the presence of carboxylic acid salts. The effect of carboxylic acid salts, which vary in the number of carbon atoms in their chain and· the total number of carboxylate groups, was studied on RNase A, Trp-Inh, lysozyme and cyt cat pH 5.0, 7.0, 9.2, and 9.8. Thermal denaturation studies on cyt c at pH 9.2. and 9.8 were not possible due to its aggregation even before denaturation at these pH values at higher temperatures. 
Temperature (°C)
Thermal denaturation profiles of RNase A in the presence of carboxylic acid salts at (a) pH 5. 0, 1. 5M GdmCI and 0.5M salts; (b) pH 5.0, 1.5M GdmCI and 1.0M salts; (c) pH 7.0, 1.5M GdmCI and 0.5M salts; (d) pH 7.0, 1.5M GdmCI and 1.0M salts; (e) pH 7.0, 1.0M GdmCI and 1.0M salts; (f) pH 7 0, varying cone. of salts and no GdmCI; (g) pH 9.2, 1.5M GdmCI and 0.5M salts; and (h) Myoglobin at pH 7.0, 1.0M GdniCI and 1M salts.
Sodium Tartarate and sodium succinate were not soluble to 1M concentration at pH 5.0. EDTA also had very low solubility at pH 5.0 and was also found to denature and aggregate cyt c at all the pH values. This could be due to the chelating action of EDT A on the heme fe3+ group. All the proteins undergo an irreversible thermal denaturation at alkaline pH, particularly at pH 9.2 and 9.8. In the absence of any salts the proteins show some reversibility upto pH 9.2, except for lysozyme. Trp-Inh and RNase A show diminished reversibility as seen on reheating and comparing the thermodynamic parameters obtained with that of the first heating. Tm values on second heating were found to be within ±0.5°C of that of the first heating but mm was found to be lesser by 20-25%. The observed hysteresis is mainly because of irreversible denaturation which is more prominent at alkaline pH (Ahern & Klibanov, 1985; Zale & Klibanov, 1986) . The denaturation profiles which are highly irreversible have not been subjected to thermodynamic analysis, while RNase A which was reversible upto 75-80%, however, was subjected to thermodynamic treatment of data. It has been observed that even in such cases the obtained parameters can throw some light on the protein-solvent interactions (Manly et al., 1985; Edge et al., 1985 Edge et al., , 1988 Hernandiz-Arana & Rojo-Dominguez, 1993) .
Proteins undergoing irreversible denaturation with large hysteresis were not used for van't Hoff analysis. It was observed that these proteins undergo aggregation either after completion of transition, or beginning at the midway of transition and sometimes even starting from the onset of transition as observed in the case of lysozyme at higher salt concentrations. To avoid aggregation and to bring down the Tm to manageable limits, · 1.5M or l.OM GdmCl was always added in solutions. It was observed that the effect of GdmCl is additive within the experimental errors as observed by other authors also (Arakawa & Timasheff, l985b ). Lysozyme at (d1) pH 50, 1.5M GdmCI and 1.0M salts; (d2) pH 5.0. 1.5M GdmCI and 0.5M salts, Inset shows the first derivative spectra of lysozyme denaturation in the presence of 0.5M citrate, PTC, and succinate, the first peak indicates the aggregation of lysozyme just at the completion of the transition, whereas the second peak indicates the saturation of the aggregation phenomenon at the peak temp.; (e) pH 7.0, 1.5M GdmCI and 0.5M salts. the arrow points to the onset of aggregation of the protein; Trypsin Inhibitor at (f) pH 5.0, 1.5M GdmCI and 0.5M salts; (g) pH 5.0, 1.5M GdmCI and 1.0M salts and, (h) pH 7.0, 1.5M GdmCI and 0.5M salts. * Control is the buffer solution in the presence or absence of GdmCI as indicated. 1" Aggregation midway or after completion of transition.
'I' In cases where it was not possible to determine the Tm transition zone has been reported. slightly indicating that these salts are more effective under denaturing conditions. This behavior reflects the competition between the two opposing forces exerted on the protein by the denaturing agent GdmCl and the stabilizing agents like salts. Stability provided by these salts in the absence of GdmCl is lesser than in its presence. The effectiveness of these salts is consistent with the position of -COOH group in the anionic lyotropic series which is based on the effectiveness of different ions on the saltingout of proteins (Hofmeister, 1888; von Hippel & Schleich, 1969) . The effectiveness of these salts in stabilizing RNase A is very much consistent with their efficacy in providing thermal stability to antithrombin III (Busby & Ingham, 1984) . In the case of RNase A it is found that the effectiveness of carboxylate salts can be correlated with the number of -CH 2 COOH groups in the acid. Greater the number of -CH 2 COOH groups in the acid chain, higher is its effectiveness in providing stability. This suggests that there should be some common forces operating in stabilization of different proteins. These salts stabilize different proteins to different extents, perhaps reflecting variation in protein-cosolvent interactions depending upon the physico-chemical properties of proteins. Lysozyme was observed to get aggregated when heated in the presence of carboxylic acid salts at 0.5-l.OM concentrations ( fig. 2d,e ). Therefore, in Table 1 we have presented pnly the temperature of the onset of transition and ~ Tm refers to the shift in this temperature in the presence of salts
Surface Tension Measurements and Analysis
Surface tension measurement for all the carboxylic acid salts in water were carried out at 25°C as a function of their concentration. It has been observed that surface tension of all the aqueous salt solutions increases linearly with an increase in their concentration in the studied range (Fig. 6 ). The increase in surface tension of water due to the addition of carboxylic acid salts parallels the observed increase in the Tm values of RNase in the presence of increasing concentration of these salts. The effectiveness of different carboxylic acid salts in raising the surface tension of water is in the order of gluconate < malonate < tartarate < succinate < citrate < PTC < EDTA -BTC. The order is almost the same as has been observed in the case of effectiveness of these salts in increasing the thermal stability of proteins, suggesting the possible role of increased surface tension of the solvent in the stabilization of proteins.
This has previously been observed in the case of simple inorganic salts, amino acids (Arakawa & Timasheff, 1983 , 1984a , and sugars (Lee & Timasheff, 1981; Kita et al., 1994; Lin & Timasheff, 1996) . Fig. 7 shows the correlation of the increase in protein pH of the aqueous salt solutions was usually 7-9 except EDTA which had pH -11. Concentrations of EDT A, BTC, and malonate have been shown in parentheses.
Plots of surface tension against salt concentration (Fig. 6 ) are linear and can well be . approximated by the linear equation (Melander & Horvath, 1977) (1) where a is the surface tension of salt solution, a 0 is the surface tension of water without any additive, Lia is the slope of the plot between a and C, where C is the salt concentration. Fig. 7 shows a non-linear increase in ~Tm/~C with respect to ~ai~C.
Both the quantities, viz., Tm and a have been observed to increase linearly with an increase in the salt concentration. The observation clearly indicates the strong dependence of protein thermal stability on the surface tension of the solvent. But the non-linear behavior of the curves (Fig. 7a,b) suggests that surface tension is not the sole factor leading to the increase' in the thermal stability of RNase A and cyt c, Similarity in trends for several proteins suggests a common mechanism of action being operative in protein stabilization. Similar trends in the increase in thermal stability with an increase in the surface tension for several proteins, nonetheless, clearly indicates the dominant role of the surface free energy of solvent system in governing the stability of globular proteins.
The varied dependence of the increase in surface tension of water on the type of cosolvent molecules suggests the role of eH 2 eOOH groups in strengthening the cohesive forces among water molecules. Fig. 8a,b shows a correlation of the increase in the Tm of RNase A and cyt c due to the addition of salts with the number of eH 2 eOOH groups, eN present in these molecules. For both the proteins the value of the slope of the plot has been found to be equal to 7.3°e per eH 2 eoo-group. This suggests the common and additive effect of acetate groups in providing stability to proteins varying· in physicochemical characteristics. Interestingly, the plots are similar to that obtained for the dependence of !J.cr/ !J.e with respect to CN (Fig. 8d ).
BTe and EDT A have four CH 2 COOH groups, both citrate and PTe have three, succinate and tartarate have two, malonate has one -eH 2 eOOH and one eOOH group, and gluconate has only one COOH group in their carbon chain. BTC, PTe, citrate and gluconate show linear dependence between their !J. Tm and eN, while succinate, tartarate and malonate deviate from the fitted line. Based on the fitted line, malonate has lesser stabilizing power than its expected effectiveness which may be because malonate has one methylene group less in comparison to succinate. Tartarate has two additional hydroxyl groups in comparison to succinate. Tartarate effect is marginally less than succinate indicating that hydroxyl groups may possibly be contributing negatively toward thermal stability of RNase A. Succinate with two eH 2 eOOH groups leads to higher stabilizing power than its expected value based on the total number of CH 2 COOH groups. EDTA has four eH 2 eOOH groups but has comparatively lesser stabilizing power than BTC. This may possibly be due to an extra ethylenediamine group present in EDT A It has been observed that presence of methylene groups as spacers between the carboxylic groups does not affect the protein stability. For example, succinate , glutarate and adipate having two, three and four methylene groups, respectively affect the Tm of antithrombin III to more or less the same extent (Busby & Ingham, 1984) .
Origin of the increase in surface tension may lie in the structure-making effect of CH 2 eOOH groups. eOOH has also been found to be a strong salting-out agent in agreement with the anionic lyotropic series suggesting their strong effect on water structure. It has been suggested that the water structure-making effect of these salts is exerted by their high charge densities. Similar trends in the stability provided by carboxylic acid salts for RNase A have been observed in the case of cyt c and Trp-Inh 
Thermal Stability as a function of pH
Thermal denaturation studies on several proteins have been carried out at several pH values to determine the role of net-charges on protein surfaces in modulating the proteinsolvent interactions. Fig. 9 shows the effect of pH on the stability provided by these salts in the case ofRNase A. The .1 Tm values in the presence of BTC, PTC, succinate, and malonate decrease linearly with the increase in net charges on proteins, i.e., these cosolvents provide greater stability at higher pH values. On the other hand citrate, tartarate, and gluconate show a break in the linear trend below pH 7.0. ·These cosolvents are found to increase the stability linearly between pH 7.0 and 9.2 but at pH 5.0 they provide higher stability than at pH 7.0.
This anomalous effect may be arising due to the presence of hydroxyl groups in these cosolvent molecules. BTC, PTC, succinate and malonate have a backbone constituted only by CH 2 COOH groups while in the case of citrate, tartarate and gluconate, hydrogens of the methylene groups in the backbone of these molecules are substituted by hydroxyl groups (Fig. 10) . These extra hydroxyl groups may somehow be affecting the proteinsolvent interactions depending on the charge status of the protein or the COOH groups in these molecules or both.
Studies on polyols as additives show that they are more effective in providing stability at low pH values and their effectiveness increases linearly with decrease in the pH of the solvent. Hydroxyl groups in the carboxylic acid salts may possibly be acting in the same fashion. These hydoxy carboxylic acids may be exerting two opposing ~orces as a function of pH. At higher pH values ~7.0, the effect of carboxylic groups may dominate the overall effect, but as pH is decreased the effect of carboxylic acids may decrease due to the protonation of coogroups while at the same time the effect due the OH groups may dominate. The pKa of -COOH groups depend upon the number of total such groups in the chain.
Figure 10
Usually the pKat is around 2-3.5, pKal 4-5, pKaJ 5.5-6.5, while pKa4 may be ?:.7.0 (Fig.   10 ),... The net stability provided by a carboxylic acid should therefore be dependent upon the charge status of the cosolvent molecules, and has been found to increase with an increase in the pH of the medium. In the case of hydroxy carboxylic acids the decrease in the net stability provided by carboxylic groups ~t low pH due to their protonation might be offset by an increase in the effectiveness of hydroxyl groups at low pH values.
Effect of Carboxylic Acids on the Heat Capacity of Proteins
We have obtained a value of ~Cp of 2.14±0.07 kcal.mol·I oK-I for RNase A denaturation calculated by varying the Tm using GdmCl. Fig. lla shows the plot of~ vs Tm for RNase A. The fitting errors are very low whereas the experimental errors are within ±2-4%. The ~Cp value obtained by us (shown as the slope of the plot in Fig. lla) for RNase A unfolding is very close to 2.2±0.3 kcal.mol·I oK-I obtained spectroscopically by varying the Tm by the addition of urea (Pace & Laurents, 1989) . Liu and Sturtevant (1996) have reported a .1Cp of 2.10±0.18 kcal.mol-1 oK-1 in the presence of l.OM GdmCl and found that .1Cp varies depending on the concentration of GdmCI used. In the absence ofGdmCl they have reported a .1Cp value of 1.74±0.02 kcal.moJ-1 oK-I for RNase A. We have observed different slopes for Mfm vs. Tm plots in the case of RNase A in the presence of carboxylic acid salts at pH 5.0 and 7.0 (Fig. llb) . .1Cp at pH 7.0 was found to be higher than that at pH 5.0 in the presence of salts.
Role of physico-chemical properties of proteins
A plot between the increase in the Tm values in the presence of carboxyl acid salts and the net nonpolar surfaces (AASAl'p-MSAp) exposed on the denaturation of proteins shows a marginal positive correlation between these two quantities only at the lower values of hydrophobicity (Fig. 12 ). On the higher side of the net hydrophobicity, the value for Trp-Inh was not available and hence was calculated from the relation (equation l, chapter I). The dependence of thermal stabilities of proteins in the presence of carboxylic acid salts, on the extent of the difference between the nonpolar and the polar surfaces exposed upon denaturation of proteins indicates the role of hydrophobic interactions in the solvent mediated thermal stability. 
Figure 12
(MSANP·MSAp) x1Q-3 (A2)
Dependence of thermal stability provided by various carboxylic acids salts on the net hydrophobic surface exposed upon protein denaturation at pH 7.0. Net hydrophobicity values (MS~p-MSAp) for proteins were calculated from Myers et al. (1995) and have been given in legends, Fig. 6 (chapter 3) . Fig. 13 shows the compensation behavior of enthalpy and entropy in the case of protein stability provided by carboxylic acid salts. A value of 276.3°C as the temperature of compensation, Tc for RNase A has been obtained signifying the role of water in imparting stability to the protein (Lumry & Rajender, 1970; Eftink et al., 1983) . A Tc much lower than the temperature midpoint of transition, Tm, at which ~mo and ~~so were evaluated suggests the overwhelming entropic contribution to the net free energy of stabilization provided by the carboxylic acid salts. 
Enthalpy-Entropy Compensation
DISCUSSION
It is quite obvious from Fig. 7 that surface tension is the major force in governing protein-solvent interactions and hence providing thermal stability to the protein molecules.
Various carboxylic acids varying in the number of carboxylic and hydroxyl groups affect the surface tension of water to varying extents. They also increase the thermal stability which follows the same trend as the increase in the surface free energy of water due their addition. Increased thermal stability in a solvent of high surface free energy has been explained based on the basis of two operative forces, viz., an increased energy required for cavity formation (Sinanoglu & Abdulnur, 1964 , 1965 Lee & Timasheff, 1981; Arakawa & Timasheff, 1983; Lin & Timasheff, 1996) and preferential hydration of proteins (Gekko Koga, 1983; Arakawa et al., 1990b) . Recently it has been shown that cosolvents can affect the energy requirements to. produce a cavity in the solvent (Breslow & Guo, 1990; Kita et al., 1994; Lin & Timasheff, 1996) . The extra energy required is reflected in the increased surface tension of the solvent in the presence of a cosolvent.
We have found that the increase in surface tension of the solvent correlates well with the increase in the thermal stability of globular proteins studied. Our results show that the magnitude of the increase in the surface tension depends upon the chemical nature and the structure of the cosolvent molecules. The increment in surface tension of the solvent due to the added cosolvents depends upon the number of CH 2 , COOH and OH groups present in them. It also seems to be affected by the stereochemistry of the chemical groups in the cosolvent molecules. We do not have the experimental thermodynamic d~ta available for the effect of these cosolvents on water structure. However, based on the model compounds with similar chemical groups, it is possible to rationalize the effect of these cosolvents on the water -structure, and hence on the protein thermal stability.
Thermodynamic parameters like partial molal heat capacity, Cp 0 and apparent molal volume, yo of cosolvent molecules in water are sensitive indices for their effect on waterstructure (Suggett, 1976; Franks et al., 1972; Luck, 1985) . It has been observed that transfer of various groups having potential hydrogen-bonding sites from their crystalline state to water is accompanied by a positive heat capacity change. Transfer of ionic solutes and groups like CONH and CH 2 CONH from water to aqueous urea solutions have also been known to be accompanied by a large heat capacity change (Robinson & Jencks, 1965) . This is mainly due to the tendency of these groups to make hydrogen-bonding with water or urea. CH 3 Coo-group is known as a strong salting-out aniori and having a better structure-making effect than chloride (Arakawa & Timasheff, 1982b ) , as is obvious from its position in the anionic lyotropic series. The constituting CH 2 group contributes around 90 kJ/mol toward its Cp 0 in water and around 20 cm3mol-J to yo (Jasra & Ahluwalia, 1982a) . It has also been reported that COOH group also has a large positive Cp 0 in water greater than that of the OH group (Konicek & Wadso, 1971 ).
Based on the additivity correlations it is possible to estimate the empirical values of aqueous Cp 0 of a given solute molecule (Nichols et al., 1976) . Going by the additivity rule, the Cp 0 for CH 2 COOH group should be highly positive and increase linearly with the number of added CH 2 COOH groups. Substitution of some other groups like hydroxyl should also add on to the positive heat capacity value. All compounds falling in a well.
defined series may follow the additivity rules and the deviations might indicate specific solute-water interactions or even lack of such interactions due to the steric hindrance resulting from the stereochemistry of the compound. It has been observed that succinic acid has a higher experimental value of Cp 0 than the calculated one, while other higher order dicarboxylic acids like glutaric acid and adipic acids have lower experimental values than the calculated ones (Nichols et al., 1976 in structure from citrate and tartarate in that one and two hydrogens atoms of methylene in the former are substituted for hydroxyl groups in the latter, respectively (Fig. 10 ).
It has been found that the surface tension of aqueous solution of PTC is higher than that of citrate at a given concentration. Similarly, succinate has higher surface tension than that of tartarate. Interestingly, the thermal stabilities provided by these compounds are quite well correlated with the surface tension data. Increase in the thermal stability of proteins follows the increase in surface tension of the solvent (Fig. 7) . However, nonlinearity in the curve between 1\Tm/1\C and 1\cr/1\C suggests that surface tension is not the sole factor responsible for the thermal stability of proteins. The stabilization rather involves a fine balance between two opposing forces, adsorption or binding and exclusion.
The tendency of an ion to interact with a surface has a direct binding part and a solvationsphere part (Timasheff, 1993) . The net free energy of stabilization depends on the positive free energy of cavity formation in a solvent of given surface free energy and the free energy contribution from protein-cosolvent interaction (.1G 0 solvatioJ (Breslow & Guo, 1990) i.e.,
The non-linear behavior of.!\ Tm/ L\C vs. 1\cr/ L\C observed by us may possibly be due to the differential protein-cosolvent interactions due to the different free energies of solvation depending upon the chemical structure of the cosolvent additives. Results obtained by Busby and Ingham ( 1984) on the effect of carboxylic acid salts on antithrombin III show increase in the thermal stability in their presence to varying extents.
We have observed that the denaturation of the proteins studied was reversible to a greater extent in the presence of tartarate and gluconate as compared to other salts having only the carboxylic groups. In contrast to tartarate and gluconate, citrate shows lesser reversibility in thermal denaturation effect than PTC and aggregates the proteins at lower temperatures and to greater extents than that for PTC induced aggregation. This behavior of citrate is not expected due to the presence of one hydroxyl group unlike in PTC and because PTC has a surface tension slightly higher than that of citrate. A higher surface tension should be able to salt-out the proteins at milder conditions. These anomalous trends may again have their origin in protein-solvent interactions. Another possible origin of this anomaly may be due to the extrapolation of the properties of solvent system detemiined at 25°C to higher temperatures, i.e., Tm of proteins. It is quite possible that the nature and magnitude of these properties may change at higher temperatures in a non-linear fashion depending on the solute-solvent interactions. Recently Lin and Timasheff (1996) have found that the melting temperature of proteins depends upon the solvent surface tension at higher temperatures. They have observed that the increase in.the surface tension by the addition of an inert cosolvent is completely compensated by its decrease_ due to the increase in Tm of the protein. However, for an interacting cosolvent like LysHCl or GdmCl (Breslow & Guo, 1990) , the increase in surface tension by the cosolvent is partly offset by its binding to the protein. For an inert cosolvent they have demonstrated that
(3)
(4)
Where O'T is the surface tension at a temperature T, 0' 0 is the surface tension at the Tm for a protein solution in the absence of cosolvent, t\0' 501 is the increment in the surface tension on the addition of a cosolvent and t\atemp is the change in the surface tension due the change in the temperature of melting , i\ Tm of the protein upon cosolvent addition.
It is quite obvious that (oo/am 3 ) term will depend on the nature of cosolvent, but the term (oo/aT) will have a negative sign and will offset the effect of (oo/arn 3 ) if it is positive. The temperature coefficient of surface tension can also vary from one cosolvent to the other. Hence (oo/OT) is an import(!Ilt quantity for the calculation of the surface tension effect on protein stability. If (oo/aT) is such that crTm :5: 0° at the Tm of the protein the cosolvent may be ineffective in providing stability or even may act as a denaturant. The classic analogy is that of GdmCl and urea which increase the surface tension of water (Breslow & Guo, 1990) but their binding to the protein not only offsets the positive (oo/arn 3 ) but also dominates and denatures the protein at lower temperatures.
It is quite possible that for the carboxylic acid salts the compensation of (oo/arn 3 ) by (oo/aT) may be reaching at different rates without having any relation to their surface tension at room temperature. Also, the interactions between the protein and the cosolvent at higher temperatures may not remain the same and depending on their nature can shift the equilibrium toward a particular state. Therefore; although the surface tension effect appears to be an important and critical factor in the stabilization of proteins, its increase by the cosolvent does not necessarily ensure increased stabilization.
Surface Tension and Preferential Hydration
Increase in the surface tension of water on the addition of a cosolvent should lead to the preferential hydration of the proteins according to the Gibbs adsorption isotherm. In The converse should favor the denatured state, whereas an equal extent of the preferential hydration of both the states in the presence of a cosolvent should not affect the equilibrium between the two states at any concentration.
Competition between Stabilizers and Denaturants
A cocktail of lyotropic and chaotropic salts as cosolvents provides a very complex situation at the protein-solvent interface. As a result of the structure making action of the lyotropes, water molecules will try to occupy the protein surface to avoid the contact of lyotropes with the protein surface while the chaotropes like GdmCl will compete with water for site occupancy on the protein surface (Timasheff, 1992b (Timasheff, , 1993 . The variation in the slopes of curves between Tm and GdmCl concentration and Tm and (GdmCl + 0.5M carboxylic acids) ( Fig. 3 should be more pronounced interactions between the -cooand Gdm+ ions. Carboxylic acid salts hence seem to be more effective in providing stability against more drastic conditions.
Solvent Effect on Heat Capacities of Proteins
It has been found that solvent can affect the heat capacity of denaturation of proteins drastically depending on the composition of the solution and on the method employed to change the temperature of unfolding (Liu & Sturtevant, 1996) . Small errors in l1Cp may not affect the estimation of l1G 0 over a small range of temperature away from Tm, although these errors may affect the estimation of l1Ml 0 and L1l1S 0 appreciably. We have found that carboxylic acid salts decrease the ~Cp of RNase A in the absence and presence of GdmCl (Fig. 11) . Santoro et al. (1992) reported a l1Cp = 0 for RNase in the presence of sarcosine. Lysozyme also showed similar behavior in high concentration of osmolytes (Santoro et al., 1992) . Woolfson et al. (1993) have reported a decrease in l1Cp with increasing methanol concentration.
Role of Protein
At high concentration, carboxylic acid salts act as strong salting-out agents. This is due to unfavorable interactions between the highly polar cosolvent molecules and the nonpolar residues in proteins. Carboxylic acids have been observed to alter the properties · of water due to their kosmotropic nature which leads to the strengthening of cohesive forces among the water molecules. Carboxylic acid salts are strongly repulsed from the vicinity of proteins as revealed by densimetry (Arakawa & Tima5heff, 1982b ) . According .
to Breslow and Guo (1990) , the effectiveness of chaotropic or kosmotropic agents is decided by a fine balance between the free energy of cavitation, which is positive for solvents with increased surface tension due to the presence of cosolvents, and free energy of solvation which depends upon the nature of solute-solvent interactions. The free energy of solvation should be dependent upon the favorable interactions between polar solvent and polar protein atoms, and the unfavorable polar-nonpolar interactions between cosolvent and protein molecules. Protein denaturation involves a large change in the surface area which is essentially due to the buried hydrophobic residues which get exposed to solvent upon denaturation of the protein molecule. The data on t\ASA for several globular proteins elucidated by Myers et al. (1995) and Makhatadze and Privalov (1995) show that the value of .1ASANP is more than twice that for MSAp. Therefore the net interaction between the exposed surfaces of the denatured protein and the solvent molecules should be of repulsive nature. Strong repulsion from solvent should force the nonpolar residues to get buried. Stronger the repulsion stronger will be the hydrophobic interactions in the core of the protein. The net positive contribution of both the free energy of cavity formation and the free energy of solvation will lead to large free energy of stabilization.
The compensation plot between LlMI 0 and .1.1S 0 for the studied proteins indicates the role of water in imparting thermal stability to proteins. Tc between 250°K and 315°K has been proposed to be due to the altered state of water in protein-water interactions (Lumry & Rajender, 1970; Eftink et al., 1983) . It seems that the strengthening of the water structure around the protein molecules causes strengthening of the hydrophobic interactions. Due to the presence of nonpolar groups on the surface, proteins can reorient the water molecules around them leading to the formation of a hydrophobic shell around them (Komeiji et al., 1993) . Carboxylic acid salts due to their kosmotropic nature should be able to strengthen the hydrophobic shell further. Honig and coworkers (Nicholls et al., 1991; Sharp et al., 1991) have proposed that surface tension can be used as a measure of the hydrophobic stabilization of proteins. Tanford ( 1979) have argued for the relationship between interfacial free energy and the hydrophobic interactions. Our data also support the above proposition since we have observed that higher the surface tension of the aqueous cosolvent medium greater is its effectiveness in raising the thermal stability of globular proteins. Moreover, the effectiveness of a cosolvent as a stabilizer increases marginally with an increase in the net hydrophobic surface area (L\ASANP-MSAp) which gets exposed upon protein denaturation (Fig. 12) . This observation clearly indicates the role of water and hydrophobic interactions in the conformational stabilities of proteins.
In the present work it is quite apparent that the predominant force behind carboxylic acid salt induced stabilization of proteins is the increase in the surface free energy of the medium in the presence of the salts. Among the several physi<;o-chemical properties of proteins; hydrophobic interactions due to structuring of water around protein molecules seems to be playing a significant role. Increase in thermal stability seems to correlate well with the increase in the number of carboxyl groups of the salt. There is a significant increase in the thermal stability of proteins in the presence of these salts, being as high as l6°C at 0.5 M concentration, compared to several of the cosolvent additives studied by us or used by other workers. It, however, remai~to be seen whether these stabilizers, owing to their charged character, also help retain the activity of enzyme at high temperatures to significant extents.
